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SPATIAL ELEMENTS OF MORTALITY RISK IN OLD-GROWTH FORESTS
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Abstract. For many species of long-lived organisms, such as trees, survival appears to be
the most critical vital rate affecting population persistence. However, methods commonly used
to quantify tree death, such as relating tree mortality risk solely to diameter growth, almost
certainly do not account for important spatial processes. Our goal in this study was to detect
and, if present, to quantify the relevance of such processes. For this purpose, we examined
purely spatial aspects of mortality for four species, Abies concolor, Abies magnifica, Calocedrus
decurrens, and Pinus lambertiana, in an old-growth conifer forest in the Sierra Nevada of
California, USA. The analysis was performed using data from nine fully mapped long-term
monitoring plots.

In three cases, the results unequivocally supported the inclusion of spatial information in
models used to predict mortality. For Abies concolor, our results suggested that growth rate
may not always adequately capture increased mortality risk due to competition. We also
found evidence of a facilitative effect for this species, with mortality risk decreasing with
proximity to conspecific neighbors. For Pinus lambertiana, mortality risk increased with
density of conspecific neighbors, in keeping with a mechanism of increased pathogen or insect
pressure (i.e., a Janzen-Connell type effect). Finally, we found that models estimating risk of
being crushed were strongly improved by the inclusion of a simple index of spatial proximity.

Not only did spatial indices improve models, those improvements were relevant for
mortality prediction. For P. lambertiana, spatial factors were important for estimation of
mortality risk regardless of growth rate. For A. concolor, although most of the population fell
within spatial conditions in which mortality risk was well described by growth, trees that died
occurred outside those conditions in a disproportionate fashion. Furthermore, as stands of 4.
concolor become increasingly dense, such spatial factors are likely to become increasingly
important. In general, models that fail to account for spatial pattern are at risk of failure as

conditions change.
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INTRODUCTION

For many species of long-lived organisms, survival
rather than growth or regeneration appears to be the
most critical vital rate affecting population persistence
(sensu Batista et al. 1998). Indeed, this pattern has been
reported for a wide range of species, including a bird of
prey (Katzner et al. 2006), a common pond turtle
(Congdon et al. 1994), a perennial wetland herb (Pino et
al. 2007), and a slow-growing marine invertebrate
(Linares et al. 2007). Thus understanding processes that
influence the survival of these organisms is crucial to
understanding their ecology. However, dying can be a
complex event for such organisms and quantifying their
mortality risk poses a significant challenge.

One common difficulty in quantifying mortality is
incorporating spatial processes. For motile organisms,
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such as bear and elk, spatial variation in food
availability or predator populations can have important
effects on survivorship (e.g., Schwartz et al. 2006, Frair
et al. 2007), and in general, population viability is often
strongly influenced by spatial relationships (Morozov
and Li 2007). With sessile organisms such as plants,
spatial effects can be even more direct, since such
organisms can only “move” via births and deaths (e.g.,
Pacala and Deutschman 1995, Bolker et al. 2003). In this
paper, we examine spatial elements of mortality risk by
specifically addressing their role in the mortality of
forest trees.

Trees are long-lived, sessile organisms whose persis-
tence is strongly dependent upon survivorship (Silver-
town et al. 1993, Batista et al. 1998). Moreover, tree
mortality is a key driver of forest development and
change (Hawkes 2000, Keane et al. 2001, Lutz and
Halpern 2006). However, the death of a tree often
involves many interacting factors, including competi-
tion, pathogen and insect attack, mechanical failure,
climate-induced environmental stress, and localized
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edaphic constraints (Franklin et al. 1987, Waring 1987).
Teasing apart the various contributors to a given tree’s
death can be exceedingly difficult and determining their
relative importance even more so. Compounding the
difficulty is the fact that tree mortality, in the absence of
major disturbance, is a relatively infrequent event. Thus
the large number of observations needed to untangle a
process such as tree mortality is rarely available.

One typical approach to predicting tree mortality is to
develop indices that integrate multiple risk factors. For
example, many forest simulation models base mortality
risk on the relationship between short-term tree growth
rate and the probability of mortality. Deaths unrelated
to growth are presumed to be random occurrences
(reviewed in Bugmann 2001, Keane et al. 2001). As
useful as these simplifications are, it is important to
understand what ecological processes they miss and
whether and when such omissions matter.

Growth rate alone almost certainly does not fully
capture the mortality risks defined by spatial arrange-
ment. In terms of tree-to-tree interaction, spatial
elements of tree mortality risk can be broken into four
broad categories: increased risk of stress mortality due
to resource competition; increased risk of pathogen or
insect attack due to the proximity of like neighbors;
increased risk of mechanical damage due to the
proximity of large neighbors; and decreased risk of
mortality due to resource sharing with like neighbors
(i.e., facilitative effect).

The spatial aspects of mortality risk posed by resource
competition have been well explored in temperate
forests. Many studies have shown a relationship between
tree density and mortality (e.g., Eid and Tuhus 2001,
Temesgen and Mitchell 2005, Bravo-Oviedo et al. 2006),
and in theory, diameter growth should respond strongly
to competition, allowing growth rate to describe the
mortality risk. Many forest models (e.g., SORTIE;
Pacala et al. 1996) in fact quantify nonrandom mortality
risk entirely from growth rate as determined by the
competitive environment. Growth rate does respond to
competition (e.g., Biging and Dobbertin 1992), but does
diameter growth completely capture the pressures
represented by competition? If two trees have the same
growth rate in differing competitive environments is the
mortality risk the same? Results from several temperate
forests (Monserud 1976, Umeki 2002, Yang et al. 2003)
suggest the possibility that a competition index might
provide information beyond that found in diameter
growth.

Threats posed by tree diseases and insects also have a
spatial element not captured by growth rate. While slow-
growing trees are often more susceptible to such agents,
many insects and disease-causing organisms are species
or genus specific (Wood et al. 2003). Therefore, in a
manner similar to that described for seedlings by the
Janzen-Connell hypothesis (Janzen 1970), proximity to
conspecific or congeneric neighbors might increase risk
of attack regardless of growth rate. Schenk et al. (1977,
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1980), for instance, developed risk indices for Abies
grandis and Pinus contorta that incorporated host
availability and found that the abundance of conspecific
trees increased risk of attack by bark beetles. In tropical
forests, Peters (2003) also found an increase in mortality
risk with the numbers of conspecific neighbors.

The risk of a tree being crushed by neighboring trees
(i.e., when one tree falls on top of another and crushes it)
also has an obvious spatial association at least partly
independent of growth rate: a given tree’s risk of being
crushed should be affected by the number of large trees
close enough to crush it. While soil and topographic
factors also influence the risk of crushing, we should still
be able to discern a purely tree-to-tree-based mecha-
nism. As for facilitative effects, it is certainly possible
that trees can reduce the risk of mortality through root
grafting or mychorrizal associations (e.g., Dickie et al.
2005), though we found no evidence in the literature
suggesting such an effect for the species in our study.

Our goal in this study was to detect and, if present, to
quantify the importance of spatial elements of mortality
risk for forest trees. Specifically, we wished to test for the
importance of spatial processes not captured well by
commonly used methods (e.g., average recent growth).
For this purpose, we used a long-term, spatially explicit
data set from forests in the Sierra Nevada of California,
USA. This data set not only gave us a robust sampling
of mortality from an old-growth forest but also the
ability to model mortality risk for four dominant conifer
species with differing life-history characteristics. For
each species, we developed indices to test for the effect of
spatial risk factors unrelated to growth rate. In each
case, the performance of models that included spatial
indices was compared against those without them. In
addition, because strong model improvement does not
necessarily translate into strong biological effects, we
assessed the importance of these spatial indices in
determining mortality risk across the range of values
observed in the population.

METHODS
Species and sites

We examined four tree species in the Sierra Nevada
conifer forests: Abies concolor (Gord. & Glend.) Lindl.
ex Hildebr. (white fir), Abies magnifica A. Murr. (red fir),
Calocedrus decurrens Torr. (incense cedar), and Pinus
lambertiana Dougl. (sugar pine). Abies concolor and C.
decurrens are ranked as shade tolerant. Abies magnifica
is considered slightly less tolerant than A. concolor, and
P. lambertiana is considered mid-tolerant (Burns and
Honkala 1990). The study sites are located in the Sierra
Nevada conifer forest in Sequoia National Park (118°35’
W, 36°35” N). Data from nine fully mapped monitoring
plots were used for this study, ranging in elevation from
1600 to 2500 m. The plots were checked annually for
mortality, with growth measured and new recruitment
mapped every five years (for details see Appendix A).
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Indices

Mean recent annual growth rate was calculated for
each tree for each plot by taking the diameter
measurement closest to the start of the given mortality
census period, subtracting the prior diameter, and then
dividing by the number of years between measurements.
If a tree died before the second five-year diameter
measurement, its growth rate was determined from its
diameter at death and the number of years since the last
measurement. Tree size was taken as the diameter
measured at the most recent forest inventory prior to
the census period.

To estimate resource competition, we chose one
simple and one complex index, calculating the index in
a 10-m radius around the subject tree (see Appendix B
for a discussion of the method by which neighborhood
size was chosen). The simple index was a count of the
number of trees. For our more complex measure we
chose the Hegyi index (Biging and Dobbertin 1992),
which takes into account the distance of the competitor
to the subject tree as well as the sizes of the trees:

H:ZDBH f(l?)Ii{;t-~+l) )
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where dbh; (dbh, diameter at breast height measured at
1.37 m above the ground surface) is the diameter of the
subject tree, dbh; is the diameter of a competitor tree,
and Dist; is the distance between the subject and
competitor trees. As different species can have different
competitive effects (Canham et al. 2006), we also
calculated a species-weighted Hegyi index in which the
competitive contribution from each competitor was
weighted by relative canopy density (see Appendix B).
Competition indices were calculated for the beginning of
the mortality census period considered (see Full mortal-
ity model development). To correct for edge effects,
competition indices were weighted using an area-
weighted edge correction: for trees that were within 10
m of the plot edge, index values were divided by the
proportion of a 10 m radius circle centered on the tree
that would lie inside the plot boundaries. For example, if
only 30% of the 10 m radius circle centered around a
given tree would be within the plot, the raw index value
for that tree was divided by 0.30.

To estimate increased risk of biotic attack due to like
neighbors, we calculated both density- and distance-
related indices. Density indices included densities of
conspecific and congeneric trees. All density measure-
ments were made in a 10-m radius around the subject
tree and corrected for edge effects using an area-
weighted correction. Distance indices included distance
to nearest conspecific or congeneric neighbors and mean
distance to the nearest three conspecific or congeneric
neighbors. Due to plot size, distance was restricted to a
maximum of 30 m with the index set at 30 m in cases in
which a neighbor was farther away. For mean distances,
if the distances to any of the nearest neighbors were over
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30 m, the distance to that neighbor was set at 30 m.
Analyses were also run using 50-m and 100-m maximum
distances with no substantial effect on the results. Edge
effects were corrected using a toroidal edge correction
(Bailey and Gatrell 1995).

Since many tree-killing bark beetles in these forests
generally only attack trees above a certain minimum size
(Wood et al. 2003), we also calculated species- and
genus-specific density and distance indices considering
only susceptible trees (i.e., all trees with a dbh > 12.7
cm, “pole-sized” trees or larger). This definition of
susceptibility is based on the approximate minimum-
sized tree that bark beetle species in these forests would
attack, as determined by reported values (Furniss et al.
1977, Wood et al. 2003). Only susceptible trees were
considered as subject trees or neighbor trees to calculate
a given index. For comparison, we also calculated the
non-species-specific density using only susceptible trees.

To examine the spatial component of mechanical
agents of mortality, we focused on the risks associated
with being crushed by a neighbor. We postulated that
the risk of being crushed would increase with the
number of trees residing nearby that were capable of
crushing the given subject tree. We used two indices. For
a very simple index, we used the same density index
described above for measuring resource competition
(number of trees within a 10-m radius around the tree).
We then developed a more complex crushing index by
counting the number of trees of equal or greater size to
the subject tree that were close enough to crush the
subject tree given their height. Heights were calculated
using allometric equations developed for the model
FACET (Urban et al. 2000), substituting equations for
similar species for those species not described by
FACET. Only pole-size trees or larger, as defined above,
were considered as potential “crushers.”

Although we did not develop separate indices to
measure facilitative effects, the indices developed above
serve that purpose already. For example, if a tree were
less likely to die when close to conspecific neighbors,
that would indicate possible facilitation.

Full mortality model development

We used the data from the plots to perform a cohort
study, tracking a population of live trees from one
starting point and recording all the mortalities in that
population over the period considered without regard to
cause of mortality. For 4. concolor, C. decurrens, and P.
lambertiana, we chose a census period between 1997 and
2005 and for A. magnifica we chose the period from 1998
to 2005 (see Appendix B for sample sizes and a
description of the manner in which census period was
chosen). We then used the characteristics of each tree at
the start of the period (growth rate, size, and spatial
indices) to estimate the association of those character-
istics with mortality risk. Using plots established in
different years presented a difficulty with regard to the
use of newly recruited trees, which were only recorded
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and mapped every five years. If the start of the census
period fell between measurement periods for a given plot
then only a portion of the newly recruited trees in those
plots would truly have reached breast height (recruited)
by the start of the monitoring period. We addressed this
temporal asynchrony by bootstrapping to estimate
recruitment between measurement intervals. Specifically,
we randomly selected a number of trees equal to the
proportion that should have recruited by the start of the
period assuming a constant recruitment rate, performing
the analysis 100 times and averaging the results (see
Appendix B for details).

Mortality probability was modeled using the logistic
function:

8
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where m(x) is mortality probability and g(x) is a linear
function of predictor variables. For example a model
with growth rate and size as predictors would have g(x)
= Bo + PB1 X growth rate + B, X size, where By is the
intercept and B, and B, are fitted parameters. As a
shorthand, we will refer to g(x) by listing the included
indices. For example, the size and growth rate model
would be g(growth rate, size). Models were fit using the
Irm function in the Splus 6.2 Design library (Insightful
Corporation, Seattle, Washington, USA).

All models for the full mortality analysis were built on
a base model that included size and mean recent growth,
g(growth rate, size), to account for these variables before
assessing the effect of a given spatial variable. Each of
the spatial indices was added separately to the base
model to generate a set of comparison models (e.g.,
g(growth rate, size, Hegyi index), g(growth rate, size,
local density)), resulting in 11 models for all species
except C. decurrens, which had eight due to the lack of
congenerics. We also performed a separate analysis
considering only pole-sized trees or larger and using the
additional pole size indices described above (see Indices),
resulting in a total of 18 models for all species except C.
decurrens, which had 11. We will refer to this analysis as
the “pole” analysis hereafter, while referring to the
analysis that includes all trees as the “all-size” analysis.

In order to compare the models within each set, we
used Akaike’s information criterion (AIC; Burnham and
Anderson 1998). The AIC values were calculated for
each model as well as AIC difference values (AAIC: the
difference in AIC values between a given model and the
model with the lowest AIC value) and Akaike weights
(w;, a measure of the proportional likelihood that the ith
model is the best model). We also calculated an evidence
ratio, comparing our spatial models with the base
model, where the evidence ratio is Wspagial/Wbase- The
evidence ratio measures how much stronger the evidence
for one model is compared to another. As a guide, based
upon Burnham and Anderson’s (1998) rules of thumb
for AAIC values, an evidence ratio less than 2.7 would
be considered very little evidence while a value of 7.4
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would be considered much stronger evidence. In general,
we considered evidence ratios greater than 5.0 as
reasonable evidence for model improvement.

Although model fitting was not our goal (our goal was
to assess the potential importance of spatial risk factors
not tied to growth rate), we did calculate several fit
statistics as a guide to the adequacy of our models. For
each model we calculated the area under the receiver
operating characteristic curve (ROC), the variance
inflation factor (VIF), and the unweighted sum-of-
squares fit statistic. The ROC is a threshold-independent
measure of model discrimination (ability to distinguish
live and dead trees) in which 0.5 indicates no discrim-
ination, 0.7-<<0.8 acceptable discrimination, and 0.8-0.9
excellent discrimination (Hosmer and Lemeshow 2000).
The VIF was used to check for multicollinearity (Neter
et al. 1996). The unweighted sum of squares test was
used as a general measure of fit (see Copas 1989, Hosmer
et al. 1997).

Crush mortality model development

We performed a separate subanalysis for mechanical
mortality using the subset of trees that had been crushed
by other trees. We limited our cause-specific analysis to
this agent because field identification of crushed trees
was obvious and the ultimate cause of the failure certain.
In contrast, most biotic mortality factors can be difficult
to identify and easily missed by field crews (e.g., root
rots belowground and beetle attacks high on the tree
stem are easily overlooked). In short, we examined our
ability to assess the risk of a tree being crushed by
analyzing the differences between those trees that were
crushed and those not over the census period.

In performing this analysis we did not include recent
growth rate, as there was no obvious and direct
mechanism that would relate slow growth of a given
tree to its risk of being crushed by another tree.
Therefore, the following variables were considered for
logistic models of crushing risk: size, local density, and
crushing index. We considered all one- and two-variable
models formed from the combination of these variables
with the only restriction being that crushing index and
local density were never placed in the same model. The
AIC statistics were calculated as for the full mortality
models. For evidence ratios, we compared each model to
a model that included only size, making the g(size)
model the effective base model. Model diagnostics
(ROC, VIF, unweighted sum of squares) were calculated
as for the full mortality models.

Because growth rate was not used as a predictor for
this analysis, there was no need for a re-measurement of
diameter prior to the census period. We were therefore
able to use a longer census period: 1993-2005. We made
no distinction among species, because risk of being
crushed should be relatively independent of species. In
addition, splitting by species would have resulted in
small sample sizes since crush mortality was relatively
rare, with an annual rate over the period of ~0.15%/yr
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(compared to rates varying between 0.66%/yr and
4.84%]/yr for all mortality; Appendix B). Sequoiadendron
giganteum were not considered as subject trees as their
presence in model building tended to result in poor fits,
likely due to their extreme size (mean dbh = 219 cm).
However, Sequoiadendron giganteum were considered
when calculating the crushing index for other species.
The resulting sample (9115 trees, 8957 survivors, 158
crush-related mortalities) was tracked for crushing-
related mortality using plot mortality evaluations.
Newly recruited trees were ignored as these posed no
crushing risk.

RESULTS

Unweighted sum-of-squares analyses and VIF results
generally indicated acceptable fit with no problematic
multicollinearity and never indicated such problems for
the top-ranked models. For potentially the most
problematic case, the relationship between growth rate
and competition, we found that, using linear models,
competition never accounted for more than 12% of the
variance in growth for any species.

Full mortality model analysis

Abies concolor.—The all-size analysis for A. concolor
showed strong evidence of improvement for models with
two types of spatial variables: competition indices and
distance to nearest conspecific or congeneric neighbor
(Table 1). Support for model improvement by adding
either Hegyi index was overwhelming, and support for
model improvement with distance to nearest conspecific
or congeneric neighbors was also very strong. For trees
larger than 12.7 cm (Table 2), pole-sized and larger,
distance to nearest conspecific or congeneric neighbor
still showed strong evidence for model improvement but
the competition index no longer provided any improve-
ment, suggesting that improvements due to the compe-
tition index were restricted to smaller trees. The ROC
results showed acceptable discrimination for all models
(Tables 2 and 3).

Across the full range of variation, the competition
index had a dramatic effect on A. concolor mortality
probability (Fig. la), particularly at slow growth rates.
However, the impact of the competition index was most
evident in the extreme cases. When the extremes were
trimmed (i.e., the highest 2.5% and lowest 2.5% of the
values for each independent variable were deleted),
diameter growth had a much stronger effect on most
trees (Fig. 1b).

The mortality probability increased with neighbor
distance, suggesting that, at a given growth rate, A.
concolor were more likely to die when growing farther
from other Abies (Fig. 1c—f). As with the competition
index, the effect was quite strong across the full range of
the variable (Fig. 1c, e). However, growth rate had a
stronger effect on mortality risk than conspecific or
congeneric neighbor distance for the vast majority of the
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trees sampled (Fig. 1d, f). In short, neighbor distance
was important primarily at the extremes.

Abies magnifica.—All-size models for A. magnifica
showed no convincing evidence of improvement with the
addition of spatial variables (Table 1). For pole-sized
trees, only distance to the nearest conspecific neighbor
provided any improvement (Table 2), with the best
variable being a pole-specific index. Discrimination was
acceptable for all models (Tables 1 and 2). The mortality
probability for the best model in the pole analysis was
strongly affected by the conspecific neighbor distance at
the extreme ranges, particularly at slow growth, and its
effect remained comparable to growth rate, though
weaker, even for the trimmed ranges (see Appendix C).

Calocedrus decurrens.—Rankings for the all-size
models for C. decurrens showed moderate support for
improvement with the addition of a local density
variable. In contrast, the base model was the best model
for the pole-sized trees (Tables 1 and 2). These results
suggest that improvements were restricted to smaller
trees (i.e., <12.7 cm dbh). Discrimination was excellent
for all models (Tables 1 and 2). For the best models,
growth rate again had a more pronounced effect than
competition index for the majority of the population
(see Appendix C).

Pinus lambertiana.—The P. lambertiana models
showed strong evidence for model improvement with
the inclusion of conspecific density in the all-size models
(Table 1) and overwhelming evidence for improvement
in the pole analysis. In addition, the pole analysis
showed very strong evidence for model improvement
with the inclusion of distance to nearest conspecific or
congeneric neighbors (Table 2). The ROC values for all
of the all-size models were relatively poor, and none
showed marked improvement with the addition of
spatial variables. In contrast, the pole analysis showed
clear improvement in discrimination with the addition of
spatial variables.

The mortality probability increased with conspecific
or congeneric density and decreased with distance to
conspecific or congeneric neighbors (Fig. 2). For both
the all-size and pole analyses, density resulted in
stronger models than neighbor distance, indicating that
numbers of close neighbors presented a clearer risk than
simple proximity. The increased model improvement
with spatial variables for the pole analysis provided
evidence that spatial factors were more important for
larger trees. Examination of the best-ranked all-tree and
pole analysis models for each type of index (Fig. 2)
demonstrates that spatial variables had a comparable
effect to growth rate even for the trimmed ranges.
Unlike the other species, spatial variables appeared to
have a pronounced effect on mortality probability for P.
lambertiana even at fast growth rates.

Crush-related mortality analysis

A model containing size and crushing index outper-
formed all other models (Table 3). The crushing index
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TABLE 1.
full mortality models for trees of all sizes.
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Model rankings and the area under the receiver operating characteristic curve (ROC) for

AIC Evidence
Model: g(x) AAIC weight ratio ROC
Abies concolor
Hegyi index 0.00 0.64 33006047.53 0.788
Hegyi index (species weighted) 1.16 0.36 18444 430.34 0.788
Distance 3 conspecifics 29.93 0.00 10.47 0.785
Distance conspecific 30.25 0.00 8.90 0.784
Distance 3 congenerics 30.52 0.00 7.78 0.785
Distance congeneric 32.06 0.00 3.60 0.784
Local density 32.18 0.00 3.39 0.779
Conspecific density 34.21 0.00 1.23 0.780
Base model 34.62 0.00 1.00 0.782
Congeneric density 35.06 0.00 0.80 0.780
Abies magnifica
Distance congeneric 0.00 0.26 1.60 0.708
Base model 0.95 0.16 1.00 0.706
Hegyi index (species weighted) 1.74 0.11 0.67 0.706
Hegyi index 1.79 0.10 0.65 0.705
Distance 3 conspecifics 2.69 0.07 0.42 0.713
Congeneric density 2.78 0.06 0.40 0.710
Conspecific density 2.80 0.06 0.40 0.706
Local density 2.86 0.06 0.38 0.707
Distance 3 congenerics 291 0.06 0.37 0.707
Distance conspecific 2.92 0.06 0.37 0.707
Calocedrus decurrens
Local density 0.00 0.57 4.88 0.835
Conspecific density 3.07 0.12 1.05 0.824
Base model 3.17 0.12 1.00 0.824
Distance conspecific 4.64 0.06 0.48 0.824
Distance 3 conspecifics 5.14 0.04 0.37 0.824
Hegyi index (species weighted) 5.16 0.04 0.37 0.824
Hegyi index 5.16 0.04 0.37 0.824
Pinus lambertiana
Conspecific density 0.00 0.66 18.05 0.661
Congeneric density 3.35 0.12 3.39 0.653
Distance 3 conspecifics 5.69 0.04 1.05 0.650
Base model 5.79 0.04 1.00 0.647
Distance 3 congenerics 6.12 0.03 0.84 0.649
Distance conspecific 6.15 0.03 0.84 0.649
Local density 6.51 0.03 0.70 0.645
Distance congeneric 6.60 0.02 0.67 0.649
Hegyi index 7.26 0.02 0.48 0.651
Hegyi index (species weighted) 7.36 0.02 0.46 0.651

Notes: All models are built on the base model g(size, growth rate), with the listed spatial variable
added to it. Models are listed in order of AIC rank. The evidence ratio is the ratio of the Akaike
weight of the given model to the base model. Note then that larger evidence ratios suggest better
models. All AIC results shown are derived from the average of 100 trials (see Methods and
Appendix B). The study was conducted in the Sierra Nevada conifer forest, California, USA.

provided clear improvement to a model that included
tree size only, while density did not appear to offer any
improvement. Overall, the annual probability of being
crushed was low, with the highest possible annual
probability of being crushed only 0.8% for even the
most extreme combination of variables (Fig. 3). Discrim-
ination was relatively poor for all models.

Discussion

Our results demonstrate that the spatial arrangement
of trees provide information about the likelihood of
mortality even after growth-related mortality risk is
taken into account. In other words, tree diameter
growth does not capture all the nonrandom risk factors

associated with tree mortality in temperate forests. In
three cases, P. lambertiana, A. concolor, and the crush
analysis, the results unequivocally support the inclusion
of spatial information in models used to assess mortality
risk. Moreover these improvements lead to relevant
ecological insights.

For P. lambertiana, proximity to conspecific or
congeneric neighbors clearly increased the risk of
mortality. This result was consistent with a mechanism
in which risk of biotic attack, such as that from bark
beetles and root rots, increases in the presence of like
neighbors (Janzen-Connell type effect). Spatial indices
capturing this effect had large impacts on the estimation
of mortality risk regardless of growth rate, for both the
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full mortality models for pole-sized or larger trees.
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TaBLE 2. Model rankings and the area under the receiver operating characteristic curve (ROC) for

Model: g(x) AAIC AIC weight Evidence ratio ROC
Abies concolor
Distance 3 congenerics (pole) 0.00 0.18 7.78 0.758
Distance conspecific (pole) 0.51 0.14 6.02 0.753
Distance congeneric (pole) 0.94 0.11 4.87 0.755
Distance conspecific 1.14 0.10 4.40 0.749
Distance 3 congenerics 1.54 0.08 3.60 0.750
Distance 3 conspecifics (pole) 1.60 0.08 3.49 0.753
Distance 3 conspecifics 1.69 0.08 3.34 0.748
Distance congeneric 1.74 0.07 3.27 0.753
Local density (pole) 3.16 0.04 1.60 0.747
Base model 4.10 0.02 1.00 0.746
Local density 4.17 0.02 0.97 0.746
Congeneric density (pole) 4.75 0.02 0.72 0.746
Conspecific density (pole) 4.98 0.01 0.65 0.747
Congeneric density 5.08 0.01 0.61 0.746
Conspecific density 5.42 0.01 0.52 0.746
Hegyi index 5.84 0.01 0.42 0.745
Hegyi index (species weighted) 6.08 0.01 0.37 0.745
Abies magnifica
Distance conspecific (pole) 0.00 0.21 2.96 0.754
Distance 3 conspecifics 1.76 0.09 1.23 0.749
Distance 3 conspecifics (pole) 1.99 0.08 1.09 0.750
Base model 2.17 0.07 1.00 0.749
Hegyi index 2.17 0.07 1.00 0.759
Distance conspecific 2.25 0.07 0.96 0.748
Hegyi index (species weighted) 2.26 0.07 0.95 0.759
Conspecific density 2.31 0.07 0.93 0.753
Distance 3 congenerics 3.34 0.04 0.56 0.750
Congeneric density 3.50 0.04 0.52 0.751
Local density 3.62 0.03 0.49 0.754
Distance 3 congenerics (pole) 3.88 0.03 0.42 0.751
Distance congeneric 3.97 0.03 0.41 0.745
Distance congeneric (pole) 3.98 0.03 0.40 0.745
Conspecific density (pole) 4.14 0.03 0.37 0.750
Congeneric density (pole) 4.16 0.03 0.37 0.749
Local density (pole) 4.17 0.03 0.37 0.750
Calocedrus decurrens
Base model 0.00 0.19 1.00 0.816
Distance 3 conspecifics 1.12 0.11 0.57 0.819
Conspecific density 1.51 0.09 0.47 0.816
Conspecific density (pole) 1.65 0.08 0.44 0.816
Local density 1.73 0.08 0.42 0.816
Hegyi index (species weighted) 1.87 0.08 0.39 0.817
Distance conspecific 1.88 0.08 0.39 0.818
Local density (pole) 1.94 0.07 0.38 0.816
Distance 3 conspecifics (pole) 1.94 0.07 0.38 0.816
Hegyi index 1.95 0.07 0.38 0.817
Distance conspecific (pole) 1.97 0.07 0.37 0.817
Pinus lambertiana
Conspecific density (pole) 0.00 0.46 40702.54 0.736
Conspecific density 1.00 0.28 24702.13 0.731
Congeneric density (pole) 1.94 0.18 15455.33 0.730
Congeneric density 3.63 0.08 6630.22 0.719
Distance 3 conspecifics (pole) 12.99 0.00 61.43 0.711
Distance 3 congenerics (pole) 15.67 0.00 16.13 0.700
Distance 3 conspecifics 16.50 0.00 10.63 0.689
Distance 3 congenerics 17.63 0.00 6.04 0.686
Distance conspecific (pole) 17.96 0.00 5.13 0.695
Distance congeneric (pole) 19.87 0.00 1.98 0.686
Distance conspecific 20.37 0.00 1.54 0.677
Distance congeneric 20.78 0.00 1.25 0.675
Base model 21.23 0.00 1.00 0.664
Hegyi index 21.73 0.00 0.78 0.677
Hegyi index (species weighted) 21.78 0.00 0.76 0.677
Local density 22.51 0.00 0.53 0.665
Local density (pole) 23.21 0.00 0.37 0.664

Notes: All models are built on the base model, g(size, growth rate), with the listed spatial variable

added to it. Models are listed in order of AIC rank.



June 2008

full and the trimmed population, with spatial indices for
pole-sized trees improving model discrimination from
poor to acceptable (Fig. 2, Table 2). In short, variables
beyond growth rate were necessary to adequately assess
mortality risk for this species.

For A. concolor, the addition of a competition index
to a model with size and diameter growth rate strongly
improved mortality risk estimation. This result suggests
that growth rate may not always fully capture the risk
posed by resource competition. In addition, mortality
risk for this species decreased with proximity to like
neighbors, a result consistent with a facilitative effect. In
both instances, spatial indices had the strongest impact
at the extremes of the spatial index and at the slowest
growth rates (Fig. 1).

Although the majority of the 4. concolor population
was in circumstances in which growth rate alone
captured most of the risk of mortality (Fig. 1), trees
that died occurred outside that common range of
conditions in a disproportionate fashion. For example,
while only 2.5% of the population had a Hegyi index
higher than the maximum of the trimmed range (Fig. 1),
11.1% of trees that died had a Hegyi index higher than
that range. Therefore, if population density increased, 4.
concolor mortality would likely increase in a nonlinear
fashion. This concern is far from academic because fire
exclusion in Sierran conifer forests can lead to increases
in tree density, with A. concolor comprising a large part
of that increase (Parsons and DeBenedetti 1979, Ansley
and Battles 1998). Such an effect would be entirely
missed by a growth-rate-only model, even if that model
worked quite well in less competitive conditions. In
essence, to understand mortality processes and to
evaluate how they will be affected by environmental
changes, we need to understand population dynamics
even at the extremes.

For the crushed tree analysis, our results indicate that
mechanical damage cannot be presumed to be entirely
random. The addition of a simple spatial index
dramatically improved model performance over a model
with tree size alone. Although mechanical damage is a
relatively small contributor to overall forest mortality,
the inclusion of spatial information still improved our
understanding of its operation.

Our results also provide guidance in understanding
when a particular mortality mechanism may not be
adequately captured by growth rate. Although this study
was largely phenomenological, we can still make
biologically informed observations about why different
species showed different sensitivity to spatial indices. For
instance, indices designed to reflect resource competition
improved mortality models for the smaller individuals of
shade-tolerant species such as A. concolor and to a lesser
extent C. decurrens. As shade-tolerant trees (Niinemets
and Valladares 2006), both species can persist in
subcanopy environments and presumably survive long
periods of slow growth, perhaps resulting in less
predictive power for growth rate in the most extreme
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TaBLE 3.  Crush mortality model Akaike information criterion
(AIC) rankings and the area under the receiver operating
characteristic curve (ROC) values.

AIC Evidence
Model: g(x) AAIC  weight ratio ROC
g(size, crush index) 0.00 1.00 2623.39 0.680
g(size) 15.74 0.00 1.00 0.640
g(size, local density) 17.47 0.00 0.42 0.643
g(crush index) 29.24 0.00 0.00 0.623
g(local density) 70.46 0.00 0.00 0.504

Notes: See Methods for variable explanations. Models are
listed in order of AIC rank. The evidence ratio is the ratio of the
Akaike weight of the given model to the g(size) model.

conditions. Put simply, in very competitive environments
growth rate may level off to some minimum, but
increased competition would still affect resource avail-
ability and therefore likelihood of mortality.

We can also see from these results that mortality risk
increased in the presence of conspecific neighbors for P.
lambertiana but not the other three species. The
explanation may lie in the specific relationships these
species have with biotic mortality agents. For instance,
P. lambertiana are susceptible to attack by biotic agents,
including species-specific root rots (Rizzo and Slaughter
2001) and beetles that release aggregation pheromones
(Wood 1982), that are likely to spread more vigorously
in areas where densities of P. lambertiana are high. Pinus
lambertiana are also under pressure from the nonnative
pathogen Cronartium ribicola that attacks only five-
needled pines (van Mantgem et al. 2004). While the
complicated two-host life cycle of the pathogen does not
involve tree-to-tree transmission (Edmonds et al. 2000),
abundance of one host might still have an effect on
disease prevalence and tree mortality. In contrast, C.
decurrens does not have any strong tree-damaging
insects that kill it in these forests (North et al. 2002),
and infection by root rots appeared to be uncommon in
these plots (A. Das, personal observation). For A.
concolor and A. magnifica, the major tree-killing insect,
Scolytus ventralis (Wood et al. 2003), tends to attack
already weakened trees and is not known to have an
aggregating pheromone (Macias-Samano et al. 1998).
Furthermore, though fir species do suffer from Hetero-
basidon annosum root rot infections, the disease is more
frequently a heart rot than a cambial rot in these species
(Slaughter et al. 1991, Wood et al. 2003), perhaps
dampening the effect of root rot centers. For all three of
these species (4. concolor, A. magnifica, C. decurrens),
therefore, the lack of obvious increased mortality risk
from closer conspecific neighbors is understandable.

However, the apparent facilitative effect indicated by
the decreased mortality risk from proximity to conspe-
cific neighbors for 4. concolor and possibly A. magnifica
was surprising. All indications prior to our analysis
suggested these species should either be at increased risk
with increased conspecific density (due to various
diseases) or perhaps show no noticeable relationship.
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Fic. 1.

Mortality probability plots for three Abies concolor models with size held constant at the mean value. All mortality
probabilities have been normalized to an annual time step. (a, c, ¢) Probability surfaces for the full range of values found in the
population for each variable. (b, d, f') Probability surfaces for the range of values of each variable found in the population after the
highest 2.5% and the lowest 2.5% values have been trimmed. (a, b) Hegyi index vs. growth rate for the all-sizes model; (c, d) mean
distance to nearest three conspecific neighbors vs. growth rate for the all-sizes model; (e, f) mean distance to nearest three
congeneric neighbors vs. growth rate for pole-sized and larger trees. The study was conducted in the Sierra Nevada conifer forest,
California, USA.
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Mortality probability plots for three Pinus lambertiana models with size held constant at the mean value. All mortality
probabilities have been normalized to an annual time step. (a, ¢, €) Probability surfaces for the full range of values found in the
population for each variable. (b, d, f') Probability surfaces for the range of values for each variable found in the population after the
highest 2.5% and the lowest 2.5% values have been trimmed. (a,b) Conspecific density vs. growth rate for the all-sizes model; (c,d)
conspecific density vs. growth rate for pole-sized and larger trees; (e,f) mean distance to nearest three conspecific neighbors vs.
growth rate for pole-sized and larger trees. Density was measured as the number of trees within a 10-m radius around the subject
tree.
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One potential explanation is that the sharing of
resources through mycorrhizae or root grafting over-
whelms any increased risk of biotic attack in a manner
not fully captured by growth rate. Mycorrhizae can
offset the effects of competition (Perry et al. 1989,
Dickie et al. 2005), and stand composition can affect
fungal community structure (DeBellis et al. 20006).
Perhaps closely spaced firs result in more beneficial sets
of mycorrhizal associations. Regardless of the cause, the
effect merits further study given the prevalence of Abies
in these forests.

It is also not immediately clear why improvement due
to spatial indices was more equivocal for C. decurrens
and A. magnifica. For C. decurrens it may be the paucity
of strong biotic mortality agents (North et al. 2002) or
that growth rate more adequately captured competition.
For A. magnifica, it may be that, relative to 4. concolor,
trees of this species were on average in less competitive
environments and in closer proximity to conspecifics
(i.e., there were not enough trees in extreme environ-
ments for our analysis to capture the effect).

Overall, our analyses suggest that by more adequately
capturing underlying processes we may be able to gain a
greater understanding of how forests will change in
response to stressors. Processes left unquantified may
well become more important as conditions change, and
models that fail to capture these processes will begin to
fail in response. For instance, mortality routines that
represent competitive effects entirely via growth rate
might be inadequate for a species such as A. concolor in
circumstances of high competition. More broadly, many
forest gap models predict rapid, large-scale diebacks
with changing climate, but such predictions are unlikely

200 g

Probability of being crushed for the top-ranked model (Table 3). Values have been normalized to an annual time step.

to be accurate because the mechanisms underlying the
mortality functions are too simplistic (Loehle and
LeBlanc 1996). Of course adding model complexity
should be a guided process, since complex models can be
difficult to interpret and inflate the risk of modeling
errors (Pacala et al. 1996). For instance, for the forests in
this study, stands that contain a significant component
of A. concolor and P. lambertiana are likely to require
spatial information for robust modeling while those
dominated by C. decurrens and 4. magnifica may not.
We have shown for trees that the quantification of
spatial relationships has the potential to improve our
understanding of mortality risk, and it is reasonable to
expect similar results for other long-lived organisms. But
mortality is a temporal as well as a spatial process. In
this study, because we only had periodic inventories, we
used a fairly simple, short-term growth metric. For trees,
we know that examining more detailed temporal indices
(e.g., Pedersen 1998, Bigler and Bugmann 2003, 2004,
Bigler et al. 2004, Suarez et al. 2004, Das et al. 2007) can
also improve mortality prediction. For example we
found that for P. lambertiana, including long-term
growth indices improved our ability to distinguish
between live and dead trees by 12.4% (Das et al.
2007). Therefore, we expect that the inclusion of these
temporal indices in combination with spatial indices
would further improve our overall fits. In general, our
results indicate that there is much room for improving
our ability to quantify unrecognized or underappreciat-
ed mortality processes.
We further suggest that the implications of our
analyses have relevance beyond tree population dynam-
ics and forest ecosystems. For example, we have
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demonstrated that mortality at the extremes can
potentially have a disproportionate effect on population
dynamics with changing circumstances and that such an
effect could easily be missed with an approach that is too
reliant on capturing majority responses. Given the pace
of ecological change observed in many ecosystems
(sensu Vitousek et al. 1997), it becomes ever more likely
that long-lived organisms will encounter extreme condi-
tions in their lifetimes. More generally, since we know
that survivorship is critical for projecting populations
for long-lived species, quantifying their mortality
processes better, both spatially and temporally, will be
critical for understanding how such organisms will be
affected by environmental change.

ACKNOWLEDGMENTS

We thank the many people with the USGS Biological
Resources Discipline who conducted the annual mortality
checks in these plots and the many National Park Service
employees who have facilitated this work. We also thank the
reviewers, particularly Harald Bugmann, for thoughtful re-
views. This work was funded by grants from the USDA
Cooperative State Research, Extension, and Education Service
Exotic/Invasive Pests and Disease Research Program and the
California Agricultural Experiment Station. This work is also a
contribution from the Western Mountain Initiative, a USGS
global change research project. The use of trade, product, or
firm names in this article is for descriptive purposes only and
does not imply endorsement by the U.S. government.

LiTERATURE CITED

Ansley, J. A. S., and J. J. Battles. 1998. Forest composition,
structure, and change in an old-growth mixed conifer forest
in the northern Sierra Nevada. Journal of the Torrey
Botanical Society 125:297-308.

Bailey, T. C., and A. C. Gatrell. 1995. Interactive spatial data
analysis. Prentice Hall, New York, New York, USA.

Batista, W. B., W. J. Platt, and R. E. Macchiavelli. 1998.
Demography of a shade-tolerant tree (Fagus grandifolia) in a
hurricane-disturbed forest. Ecology 79:38-53.

Biging, G. S., and M. Dobbertin. 1992. A comparison of
distance-dependent competition measures for height and
basal area growth of individual conifer trees. Forest Science
38:695-720.

Bigler, C., and H. Bugmann. 2003. Growth-dependent tree
mortality models based on tree rings. Canadian Journal of
Forest Research 33:210-221.

Bigler, C., and H. Bugmann. 2004. Assessing the performance
of theoretical and empirical tree mortality models using tree-
ring series of Norway spruce. Ecological Modelling 174:225—
239.

Bigler, C., J. Gricar, H. Bugmann, and K. Cufar. 2004. Growth
patterns as indicators of impending tree death in silver fir.
Forest Ecology and Management 199:183-190.

Bolker, B. M., S. W. Pacala, and C. Neuhauser. 2003. Spatial
dynamics in model plant communities: What do we really
know? American Naturalist 162:135-148.

Bravo-Oviedo, A., H. Sterba, M. del Rio, and F. Bravo. 2006.
Competition-induced mortality for Mediterranean Pinus
pinaster Ait. and P-sylvestris L. Forest Ecology and
Management 222:88-98.

Bugmann, H. 2001. A review of forest gap models. Climatic
Change 51:259-305.

Burnham, K. P., and D. R. Anderson. 1998. Model selection
and inference: a practical information-theoretic approach.
Springer, New York, New York, USA.

SPATIAL ELEMENTS OF MORTALITY RISK

1755

Burns, R. M., and B. H. Honkala. 1990. Silvics of North
America. U.S. Department of Agriculture, Forest Service,
Washington, D.C., USA.

Canham, C. D., M. J. Papaik, M. Uriarte, W. H. McWilliams,
J. C. Jenkins, and M. J. Twery. 2006. Neighborhood analyses
of canopy tree competition along environmental gradients in
New England forests. Ecological Applications 16:540-554.

Congdon, J. D., A. E. Dunham, and R. C. V. Sels. 1994.
Demographics of common snapping turtles (Chelydra-Ser-
pentina)—implications for conservation and management of
long-lived organisms. American Zoologist 34:397-408.

Copas, J. B. 1989. Unweighted sum of squares test for
proportions. Applied Statistics, Journal of the Royal
Statistical Society Series C 38:71-80.

Das, A., J. J. Battles, N. L. Stephenson, and P. J. van Mantgem.
2007. The relationship between tree growth patterns and
likelihood of mortality: a study of two tree species in the
Sierra Nevada. Canadian Journal of Forest Research 37:580—
597.

DeBellis, T., G. Kernaghan, R. Bradley, and P. Widden. 2006.
Relationships between stand composition and ectomycor-
rhizal community structure in boreal mixed-wood forests.
Microbial Ecology 52:114-126.

Dickie, 1. A., S. A. Schnitzer, P. B. Reich, and S. E. Hobbie.
2005. Spatially disjunct effects of co-occurring competition
and facilitation. Ecology Letters 8:1191-1200.

Edmonds, R. L., J. K. Agee, and R. I. Gara. 2000. Forest
health and protection. First edition. McGraw-Hill, Boston,
Massachusetts, USA.

Eid, T., and E. Tuhus. 2001. Models for individual tree
mortality in Norway. Forest Ecology and Management 154:
69-84.

Frair, J. L., E. H. Merrill, J. R. Allen, and M. S. Boyce. 2007.
Know thy enemy: experience affects elk translocation success
in risky landscapes. Journal of Wildlife Management 71:541—
554.

Franklin, J. F., H. H. Shugart, and M. E. Harmon. 1987. Tree
death as an ecological process. BioScience 37:550-556.

Furniss, R. L., V. M. Carolin, and F. P. Keen. 1977. Western
forest insects. U.S. Department of Agriculture, Forest
Service, Washington, D.C., USA.

Hawkes, C. 2000. Woody plant mortality algorithms: descrip-
tion, problems and progress. Ecological Modelling 126:225—
248.

Hosmer, D. W., T. Hosmer, S. leCessie, and S. Lemeshow.
1997. A comparison of goodness-of-fit tests for the logistic
regression model. Statistics in Medicine 16:965-980.

Hosmer, D. W., and S. Lemeshow. 2000. Applied logistic
regression. John Wiley and Sons, New York, New York,
USA.

Janzen, D. H. 1970. Herbivores and number of tree species in
tropical forests. American Naturalist 104:501-528.

Katzner, T. E., E. A. Bragin, and E. J. Milner-Gulland. 2006.
Modelling populations of long-lived birds of prey for
conservation: a study of imperial eagles (Aquila heliaca) in
Kazakhstan. Biological Conservation 132:322-335.

Keane, R. E., M. Austin, C. Field, A. Huth, M. J. Lexer,
D. Peters, A. Solomon, and P. Wyckoff. 2001. Tree mortality
in gap models: application to climate change. Climatic
Change 51:509-540.

Linares, C., D. F. Doak, R. Coma, D. Diaz, and M. Zabala.
2007. Life history and viability of a long-lived marine
invertebrate: the octocoral Paramuricea clavata. Ecology
88:918-928.

Loehle, C., and D. LeBlanc. 1996. Model-based assessments of
climate change effects on forests: a critical review. Ecological
Modelling 90:1-31.

Lutz, J. A., and C. B. Halpern. 2006. Tree mortality during
early forest development: a long-term study of rates, causes,
and consequences. Ecological Monographs 76:257-275.



1756

Macias-Samano, J. E., J. H. Borden, R. Gries, H. D. Pierce, Jr.,
and G. Gries. 1998. Lack of evidence for pheromone-
mediated secondary attraction in the fir engraver, Scolytus
ventralis (Coleoptera: Scolytidae). Journal of the Entomo-
logical Society of British Columbia 95:117-126.

Monserud, R. A. 1976. Simulation of forest tree mortality.
Forest Science 22:438-444.

Morozov, A., and B.-L. Li. 2007. On the importance of
dimensionality of space in models of space-mediated
population persistence. Theoretical Population Biology 71:
278-289.

Neter, J., M. H. Kutner, C. J. Nachtscheim, and W. Wasser-
man. 1996. Applied linear statistical models, Fourth edition.
Times Mirror Higher Education Group, Chicago, Illinois,
USA.

Niinemets, U., and F. Valladares. 2006. Tolerance to shade,
drought, and waterlogging of temperate Northern Hemi-
sphere trees and shrubs. Ecological Monographs 76:521-547.

North, M., et al. 2002. Vegetation and ecological characteristics
of mixed-conifer and red-fir forests at the Teakettle
Experimental Forest. General Technical Report PSW-GTR-
186. USDA Forest Service, Albany, California, USA.

Pacala, S. W., C. D. Canham, J. Saponara, J. A. Silander, R. K.
Kobe, and E. Ribbens. 1996. Forest models defined by field
measurements: estimation, error analysis and dynamics.
Ecological Monographs 66:1-43.

Pacala, S. W., and D. H. Deutschman. 1995. Details that
matter: the spatial distribution of individual trees maintains
forest ecosystem function. Oikos 74:357-365.

Parsons, D. J., and S. H. DeBenedetti. 1979. Impact of fire
suppression on a mixed-conifer forest. Forest Ecology and
Management 2:21-33.

Pedersen, B. S. 1998. The role of stress in the mortality of
midwestern oaks as indicated by growth prior to death.
Ecology 79:79-93.

Perry, D. A., H. Margolis, C. Choquette, R. Molina, and J. M.
Trappe. 1989. Ectomycorrhizal mediation of competition
between coniferous tree species. New Phytologist 112:501—
511.

Peters, H. A. 2003. Neighbour-regulated mortality: the
influence of positive and negative density dependence on tree
populations in species-rich tropical forests. Ecology Letters 6:
757-765.

Pino, J., F. X. Pico, and E. De Roa. 2007. Population dynamics
of the rare plant Kosteletzkya pentacarpos (Malvaceae): a
nine-year study. Botanical Journal of the Linnean Society
153:455-462.

Rizzo, D. M., and G. W. Slaughter. 2001. Root disease and
canopy gaps in developed areas of Yosemite Valley,
California. Forest Ecology and Management 146:159-167.

ADRIAN DAS ET AL.

Ecology, Vol. 89, No. 6

Schenk, J. A., R. L. Mahoney, J. A. Moore, and D. L. Adams.
1980. A model for hazard rating lodgepole pine stands for
mortality by mountain pine beetle Dendroctonus-ponderosae.
Forest Ecology and Management 3:57-68.

Schenk, J. A., J. A. Moore, D. L. Adams, and R. L. Mahoney.
1977. Preliminary hazard rating of grand fir stands for
mortality by fir engraver. Forest Science 23:103-110.

Schwartz, C. C., M. A. Haroldson, G. C. White, R. B. Harris,
S. Cherry, K. A. Keating, D. Moody, and C. Servheen. 2006.
Temporal, spatial, and environmental influences on the
demographics of grizzly bears in the Greater Yellowstone
Ecosystem. Wildlife Monographs 161:1-68.

Silvertown, J., M. Franco, I. Pisanty, and A. Mendoza. 1993.
Comparative plant demography—relative importance of life-
cycle components to the finite rate of increase in woody and
herbaceous perennials. Journal of Ecology 81:465-476.

Slaughter, G. W., J. R. Parmeter, and J. T. Kliejunas. 1991.
Survival of sapling and pole-sized conifers near true fir
stumps with annosus root disease in Northern California.
Western Journal of Applied Forestry 6:102—-105.

Suarez, M. L., L. Ghermandi, and T. Kitzberger. 2004. Factors
predisposing episodic drought-induced tree mortality in
Nothofagus—site, climatic sensitivity and growth trends.
Journal of Ecology 92:954-966.

Temesgen, H., and S. J. Mitchell. 2005. An individual-tree
mortality model for complex stands of southeastern British
Columbia. Western Journal of Applied Forestry 20:101-109.

Umeki, K. 2002. Tree mortality of five major species on
Hokkaido Island, northern Japan. Ecological Research 17:
575-589.

Urban, D. L., C. Miller, P. N. Halpin, and N. L. Stephenson.
2000. Forest gradient response in Sierran landscapes: the
physical template. Landscape Ecology 15:603-620.

van Mantgem, P. J., N. L. Stephenson, M. Keifer, and
J. Keeley. 2004. Effects of an introduced pathogen and fire
exclusion on the demography of sugar pine. Ecological
Applications 14:1590-1602.

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M.
Melillo. 1997. Human domination of Earth’s ecosystems.
Science 277:494-499.

Waring, R. H. 1987. Characteristics of trees predisposed to die.
BioScience 37:569-574.

Wood, D. L. 1982. The role of pheromones, kairomones, and
allomones in the host selection and colonization behavior of
bark beetles. Annual Review of Entomology 27:411-446.

Wood, D. L., T. W. Koerber, and R. F. Scharpf. 2003. Pests of
the native California conifers. University of California Press,
Berkeley, California, USA.

Yang, Y. Q., S. J. Titus, and S. M. Huang. 2003. Modeling
individual tree mortality for white spruce in Alberta.
Ecological Modelling 163:209-222.

APPENDIX A
Detailed plot and site description (Ecological Archives E089-104-A1).

APPENDIX B

Methodological details: defining neighborhood size, creating a species-specific competition index, selecting the census period,
and accounting for asynchronous recruitment (Ecological Archives E089-104-A2).

APPENDIX C
Mortality probability figures for the best models for Abies magnifica and Calocedrus decurrens (Ecological Archives E089-104-

A3).



